To develop an systematic in vitro approach for the study of genomic imprinting, we generated a new library of human/mouse A9 monochromosomal hybrids. We used whole cell fusion and microcell-mediated chromosome transfer to generate A9 hybrids containing a single, intact, bsr-tagged human chromosome derived from primary fibroblasts. A9 hybrids were identified that contained either human chromosome 1, 2, 4, 5, 7, 8, 10, 11, 15, 18, 20 , or X. The parental origin of these chromosomes was determined by polymorphic analysis using microsatellite markers, and matched hybrids containing maternal and paternal chromosomes were identiiied for chromosomes 5, 10, 11 and 15. The imprinted gene KVLQT1 on human chromosome Ilpl5.5 was expressed exclusively from the maternal chromosome in A9 hybrids, and the parental-origin-specific expression patterns of several other imprinted genes were also maintained. This library of human monochromosomal hybrids is a valuable resource for the mapping and cloning of human genes and is a novel in vitro system for the screening of imprinted genes and for their functional analysis.
Introduction
Genomic imprinting is a phenomenon where alleles of some mammalian genes are expressed differentially, depending on their parental origin.
1 " 3 Imprinting has important consequences for development and tumorigenesis, as failure of correct imprinting induces abnormal embryogenesis, some inherited diseases, and is also associated with various cancers. 4 ' 5 Functional analyses have identified several features associated with imprinted genes and regions, including allele-specific DNA methylation, asynchronous replication timing and uniparental disomy (UPD) in genetic diseases. 6~8 Approximately 20 imprinted genes have been identified in the mouse and human thus far. Examples of these include the HI9 gene, which is expressed exclusively from the maternal allele, and the IGF2 and SNRPN genes, which are expressed from the paternal allele. However, the presence of both the maternal and paternal genomes in diploid cells is a significant barrier to the isolation of imprinted genes, and it is possible that many imprinted genes are yet to be Communicated by Misao Ohki * To whom correspondence should be addressed. Tel. +81
-859-34-8260, Fax. +81-859-34-3134, E-mail: oshimura@grape. med.tottori-u.ac.jp identified. Any new systematic approach for the isolation of imprinted genes and analysis of the biological significance and mechanisms of genomic imprinting will need to address this problem. Mouse A9 cells containing intact or fragmented human chromosomes are a useful source for the isolation of new DNA markers and the mapping of gene function to specific chromosomal regions. Microcell-mediated chromosome transfer from mouse A9/human monochromosomal hybrids to suitable recipient cells has been used to map genes involved in cellular aging, metastasis, DNA repair and tumor suppression.
9^12
If the epigenetic status of transferred human chromosomes is maintained faithfuly in A9 hybrids, for example parent-of-origin specific expression, methylation and replication timing, this should reflect the epigenetic status of chromosomal regions in the donor fibroblasts. A precedent for the maintenance of epigenetic status of human alleles in human/rodent hybrids is indicated by studies of X chromosome inactivation, where the inactivated human X chromosome remains inactive in human/mouse somatic cell hybrids. 13 ' 14 This system can be used to examine the inactivation, or escape from inactivation, of X-linked genes, whose expression reflects that in human cells. 166 Establishment of in vitro Assay System for Genomic Imprinting [Vol. 6, In this study, we generated a new library of human/mouse A9 monochromosomal hybrids to establish an in vitro assay system for the analysis of genomic imprinting. This system is based on the separation of paternal and maternal chromosomes by construction of mouse A9 cells containing a single human chromosome, whose parental origin is known. Maintenance of the epigenetic status of imprinted genes in A9 hybrids will enable the comparison of allele-specific gene expression between these hybrids, without the need for the identification of an expressed polymorphism. This library, therefore, represents a powerful tool for the isolation of novel imprinted genes as well as the analysis of important features of genomic imprinting such as imprinted expression, and allele-specific epigenetic features such as methylation, replication timing and chromatin structure.
Materials and Methods

Cell lines and transfection
Primary culture of human dermal fibroblasts, isolated from a normal adult male, were established by standard methods. Mouse A9 cells were used as recipient cells for the introduction of normal human chromosomes by microcell fusion. Primary fibroblasts and mouse A9 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS, Hyclone), 100 units/ml penicillin and 100 /ig/ml streptomycin, in a humidified incubator at 37°C with 5% CC^-Human fibroblasts were transfected with circular pSV2frsr 16 plasmid DNA (bsr) by the calcium phosphate precipitate method. Next, 2.5 x 10 5 cells were seeded per 60-mm dish, followed by overnight incubation and transfection with 10 fig bsr plasmid per dish. The cells were incubated at 37° C for 4 hr, washed once with serumfree DMEM and treated with 1.5 ml of Hepes-buffered solution containing 15% glycerol for 30 sec. The cells were washed three times with serum-free DMEM and maintained in nonselective medium for 24 hr. The cells were then plated into three 100-mm dishes in selective medium containing 4 /Jg/ml of Blastcidine S Hydrochloride (BS, Funakoshi Co., Tokyo, Japan). BS-resistant colonies were picked individually.
Cell hybridization
Direct transfer of bsr-tagged human chromosomes from BS-resistant fibroblast clones to mouse A9 cells was not successful, as human fibroblasts were resistant to micronuclei induction by colcemid treatment. Whole cell fusion of BS-resistant clones and mouse A9 cells was used to construct hybrid clones that were suitable microcell donors. BS-resistant fibroblasts and mouse A9 cells were seeded together, each at 1 x 10 6 per 60-mm dish and were fused 24 hr later by the use of 5 ml of 41.7% (w/v) polyethylene glycol (PEG: MW 1000, Baker Chemical) containing 15% dimethyl sulfoxide (DMSO) for 1 min. The cells were then incubated with 25% PEG solution for 1 min and were then washed extensively with serumfree DMEM. The cells were maintained in nonselective medium for 24 hr and then plated into ten 100-mm dishes in selective medium containing 3 /xg/ml of BS and 10~5 M ouabain. Hybrid clones were picked individually and used as donor cells for the transfer of 6sr-tagged human chromosomes.
Microcell-mediated chromosome transfer
The method for microcell-mediated chromosome transfer was as described previously. 17 Briefly, the isolated mouse/human hybrid clones were treated with 0.05 /ig/ml of colcemid to induce the formation of micronuclei, which were then purified by cytochalasin B (10 /xg/ml, Sigma Chemical) digestion and centrifugation. After centrifugation, the isolated microcells were resuspended in 12 ml of serum-free DMEM and filtered sequentially through 8-, 5-, and 3-fim polycarbonate filters (Nucleopore). The purified microcells were collected by centrifugation at 400 x g for 10 min and resuspended in 2 ml of serum-free DMEM containing 100 /xg/ml of phytohemagglutinin (PHA, Difco). The microcells were attached to a monolayer of A9 cells at 37°C for 15 min. The microcells were fused with A9 cells in a 47% PEG solution for 1 min, followed by extensive washing in serumfree DMEM. The cells were maintained in nonselective medium for 24 hr, then trypsinized and split into three 90-mm-plates containing DMEM supplemented with 10% FBS and 3 /xg/ml BS.
2.4-Chromosome analysis
Cells were prepared for chromosome analyses as described previously. 18 Chromosomes were analyzed by Quinacrine plus Hoechst 33258 staining and the karyotypes of at least 20 well-banded metaphases were determined.
Fluorescence in situ hybridization (FISH)
FISH analysis 19 to determine the integration site of the selectable marker DNA in the transferred human chromosome was carried out using the plasmid pSV2bsr as a probe. Briefly, fixed metaphase spreads were prepared for hybridization using standard methods. The pSV26sr probe was labeled with biotin-16-dUTP by nicktranslation (Boehringer Mannheim), purified by ethanol precipitation, dissolved in 20 fil of 100% formamide and denatured at 75° C for 10 min. for 15 hr in a humidified chamber. After hybridization, the slides were washed sequentially at 37°C in 50% formamide/2 x SSC, 2 x SSC, 1 x SSC for 15 min each and once in 4 x SSC for 5 min. The slides were incubated with anti-biotin Fab' alkaline phosphatase conjugate (1:100; Boehringer Mannheim) for 45 min at 37° C and hybridization signals were detected with 3-hydroxy-iV-2'-biphenyl-2-naphthalenecarboxamide phosphate (HNPP; Boehringer Mannheim). Chromosomes were counterstained with Quinacrine and Hoechst and observed with a NIKON fluorescence microscope.
Polymerase chain reaction (PCR)-based polymor-
phic analysis PCR analysis of polymorphic microsatellites was used to determine the parental origin of human chromosomes in microcell hybrids. Genomic DNAs were purified from monochromosomal hybrids by standard procedures. PCR primer sequences for the amplification of the microsatellites (Table 1) were obtained from the Genome Data Base and primers were 5' end-labeled using T4 polynucleotide kinase (Toyobo) and P]dATP (Amersham). PCR amplification was performed in a volume of 10 [A with 100 ng of genomic DNA, 5 pmol each primer, 10 mM Tris-HCl pH 8.3, 50 mM KC1, 1.5 mM MgCl 2 , 0.01% gelatin, 1% Triton x 100, 50 fiM of each dNTP and 0.25 units of Taq polymerase (Takara). Samples were processed through 30-35 cycles consisting of 94°C for 1 min, 55-60°C for 1 min and 72° C for 1 min followed by a final elongation for 4 min. The products were resolved by electrophoresis on 7 M urea-8% polyacrylamide gel and autoradiography.
Expression analysis in microcell hybrid clones
Genomic DNAs were purified by standard procedures. RNA was isolated from the microcell hybrids containing a single human chromosome 11 using a guanidine isothiocyanate-based method. DNase I (Takara)-treated total RNA was used a template for first stand cDNA synthesis in reactions containing oligo(dT)i2-is, in the presence or absence of Superscript II reverse transcriptase (Gibco BRL) according to standard procedures.
Amplification of genomic DNA and allelic specific expression of KVLQTl was detected by using the primers LQT111: 5'-AGA GAG GGC GGG GCC CAC ATC ACC CAG-3' and LQT-211: 5'-CCT GAG TGA GAG GGG AGG CCA AGA GTG-3'. 20 Samples were processed through 30 cycles of PCR consisting of 1 min at 94°C, 1 min at 60°C and 2 min at 72°C. The products were visualized by electrophoresis on 5%*polyacrylamide gels.
To detect the L23MRP gene, the primers P2: 5'-GGT CTG CAG GGT TAG CTA-3' and P3: 5'-ATC CGG AAC TGC ACG GTG T-3' were used. Thermocycling conditions were denaturation for 1 min at 94° C, annealing for 30 sec at 57°C and extension for 40 sec at 72°C for 30 cycles. Biallelic expression of the L23MRP gene was detected by nested PCR as described previously. 21 Briefly, the primers PI: 5'-CAT GGC GCG GAA TGT GGT-3' and P5: 5'-AGC TGC ACG TAG GCG ACC T-3' were used for RT-PCR, and amplification products were detected by PCR using the nested primers PI: 5'-CAT GGC GCG GAA TGT GGT-3' and P4: 5'-ATG CTG CAC CCG TGT CCG-3'.
Results
Isolation of microcell hybrid clones containing a
human chromosome The strategy we used to construct mouse A9 cells which contain a single human chromosome of known parental origin is outlined in Fig. 1 . Human chromosomes were tagged by transfection of primary fibroblasts with the plasmid pSV2bsr. One thousand independent BSresistant clones were isolated from five successive transfections and were expanded for whole cell hybridization. lowed by selection with BS and ouabain. After 3 weeks, 70 human/mouse A9 hybrid clones were isolated and used as donor cells for human chromosome transfer. These hybrid clones each contained several human chromosomes in a mouse A9 cell background (data not shown). Transfer of the bsr-tagged human chromosome from these hybrid cells to mouse A9 cells was performed by microcell fusion. Seven hundred A9 microcell hybrid clones were isolated and karyotyped to examine the state of the introduced human chromosome, by double staining with Quinacrine plus Hoechst 33258 (Fig. 2) Table 2 . Under selective conditions the intact human chromosome was retained stably in each microcell hybrid clone (data not shown). The remaining microcell hybrid clones exhibited transferred chromosomes that were not intact, but were rearranged or fragmented. The integration site of pSV2 bsr on the human chromosome in these hybrid clones was confirmed directly by fluorescence in situ hybridization (FISH), as listed in Table 2. For example, the integration sites in A9(bsrllM)-1, A9(bsrllP)-l and A9(bsrllP)-2 were mapped to human chromosome llql4.3-22.2, q25 and q22.3-23.2, respectively ( Fig. 2 and Table 2 ). This analysis indicates that clones were derived from independent pSV26sr integration events, compared to duplicate clones generated during the expansion and cloning process, and confirms that these chromosomes contain the dominant selectable marker and are suitable for microcell transfer experiments.
Identification of parental origin of human chromo-
some in A 9 microcell hybrid clones PCR of human microsatellite markers (Table 1) was used to identify the parental origin of the human chromosome in A9 microcell hybrid clones, by comparison of genomic DNA derived from the microcell hybrids, the donor fibroblasts and parents of the donor (Fig. 3) . Matching maternal and paternal pairs of human monochromosomal hybrids were identified for chromosomes 5 (Fig. 3A) , 10, 11 ( Fig. 3B) and 15, as summarized in Table 2 (Table 2 ).
. Expression analysis of imprinted genes in microcell
hybrid clones We isolated microcell hybrid clones with matched copies of maternally and paternally derived chromosome 5, 10, 11 and 15. Of these, human chromosome 11 and 15 contain known regions that are subject to imprinting. Ilpl5.5 contains the imprinted genes HI9, 
IGF2, p57 KIP2
and KVLQT1 among others, and imprinted regions implicated in familial paragangliomas exist at Ilql3.1 and Ilq22.3-q23.3. Chromosome 15 contains the imprinted regions responsible for Prader-Willi and Angelman syndromes at 15qll-ql3.
To confirm whether these hybrid clones could be utilized for analysis of genomic imprinting, we examined the expression of human KVLQT1, a potassium channel gene that causes the long QT syndrome (LQT) and is a maternally expressed, imprinted gene. The allelic expression pattern of KVLQT1 was analyzed by RT-PCR using a primers within exon 14, LQT111-LQT211. KVLQT1 was expressed only in hybrids that contained a maternally derived copy of chromosome 11, A9(bsrllM)-l and -2 (Fig. 4) . RT-PCR of the L23 (mitochondrial)-related protein (L23MRP), a gene that is not imprinted and lies 40 kb downstream of H19, 21 demonstrated that it was expressed at equivalent levels in all of the human chromosome 11 microcell hybrid clones (Fig. 4) . PCR amplification of genomic DNA using the same KVLQT1 and L23MRP primers indicated that this region was not deleted in paternal hybrids. This analysis demonstrated maternal specific expression of KVLQT1 in our human monochromosomal hybrids and indicated that imprinted expression was maintained following chromosome transfer from primary fibroblasts.
Discussion
We report here the construction of a library of mouse A9 clones containing a single, morphologically intact, human chromosome of known parental origin. Microcell hybrid clones which contain human chromosomes 1, 2, 4, 5, 7, 8, 10, 11, 15, 18, 20 or X were established by microcell-mediated chromosome transfer (Table 2) . Human chromosomes in these microcell hybrid clones were stable in spite of continuous culture, and most of the clones retained bsr-tagged intact human chromosome under selective conditions. In combination with libraries we constructed previously, 17 A9 hybrids for all human chromosomes, except for the Y chromosome and the inactive X chromosome, have now been generated. This system of library construction should enable the isolation of maternal and paternal copies of each human autosome. Human chromosomes in the library we report here have an integrated dominant selectable marker, and therefore can be introduced to other cell types using microcell transfer, for genetic analyses of cellular phenotypes.
18 ' 22 This library therefore serves as resource for the mapping and identification of genes that function during cellular aging involving telomerase regulation, 12 ' 23 ' 24 metastasis, 10 and DNA repair 11 genes that are responsible for various inherited genetic defects 25 ' 26 or for the generation of transgenic mice with introduced human chromosomes and the establishment of animal models of human disease. A novel application for these A9 monochromosomal hybrids is the study of genomic imprinting. In contrast to our previous libraries, the parental origin of human chromosomes in these A9 hybrids could be determined by polymorphic analyses. For human chromosomes 5, 10, 11 and 15, A9 hybrids with maternally or paternally derived chromosomes were identified. If the epigenetic regulation of imprinted genes on human chromosomes was preserved in A9 cells following microcell transfer, these hybrids could provide an experimental system to study genomic imprinting. We examined the expression of KVLQTl, a maternally expressed imprinted gene, 20 in A9 hybrids containing either maternal or paternal copies of human chromosome 11. KVLQTl was expressed exclusively from microcell hybrid clones containing a maternally derived chromosome 11. This indicated that allelespecific expression of human KVLQTl was maintained in mouse A9 cells. This was consistent with the analysis of other imprinted human genes in our monochromosomal hybrids. Maternal-specific expression of HI9 on chromosome Ilpl5.5, 28 ' 29 and paternal specific expression of SNRPN and IPW on chromosome 15qll-ql3, 30 " 33 was also maintained in A9 cells. 34 Analysis of the methylation of H19, SNRPN and IPW has also demonstrated that allele-specific methylation profiles were retained in A9 cells. Furthermore, each parental human chromosome 11 was transferred independently into mouse near-diploid immortal fibroblasts (moS) and the OTF9-63 and P19 embryonal carcinoma (EC) cell lines cells. 35 The paternal allele of human H19 remained in a repressed state in m5S cells, but was de-repressed in both EC hybrids. The paternal HI9 allele was demethylated in OTF9-63 cells, but the only alteration in P19 hybrids was de novo methy-lation on both alleles in the 3' region. Following differentiation in vitro, the expressed paternal HI9 allele was repressed selectively in differentiated derivatives of EC hybrids. These results indicated that human imprint marks could function effectively in mouse cells, and that the imprinting process was epi genetically reprogrammed in EC cells, without affecting the primary imprint marking the parental origin.
A9 and EC human monochromosomal hybrids therefore form an in vitro system for the identification and analysis of novel imprinted genes and the investigation of the mechanisms that regulate genomic imprinting. Using this system, we have demonstrated paternal specific expression of the 15qll-ql3 GABAA receptor submit genes in A9 hybrids, 34 and are screening for new imprinted genes using matched maternal and paternal monochromosomal hybrids.
Genomic imprinting is an important recent discovery in mammalian genetics and this phenomenon has so far been proven only in mammals. Although the imprinted genes H19, IGF2, SNRPN and ZNF127 were conserved in a marsupial species, 36 genomic imprinting has yet to be confirmed. It is therefore important to determine whether genes known to be imprinted in humans are also imprinted in cells of various species. Using our system of microcell transfer, human chromosomes can be transferred to various species of mammalian and nonmammalian origin, and subsequently reintroduced to A9 cells from these hybrids. Analysis of allele-specific expression and methylation of imprinted human loci can be monitored in these divergent species and once reintroduced to A9 cells, to indicate which species are capable of recognizing, reading, or maintaining human imprint marks, or are not capable of either of these functions. Therefore, our system will be also be useful for understanding the evolution and role of genomic imprinting.
Finally, this system could be combined with the targeted modification of human loci in chicken DT40 cells 37 for the functional analysis of regions that control imprinted domains. Recently, Tomizuka et al. showed that a fragmented human chromosome transferred into ES cells could be passed through the germline in chimeric mice, implying that transgenic mice with a mini-chromosome could enable; studies of genomic imprinting, which is subject to long-range epigenetic effects on a megabase scale. These are approaches that are specific to our human monochromosomal system and hold significant potential for the investigation of the molecular basis of genomic imprinting.
